Background-Iron overload has an increasing worldwide prevalence and is associated with significant cardiovascular morbidity and mortality. Elevated iron levels in the myocardium lead to impaired systolic and diastolic function and elevated oxidative stress. Taurine accounts for 25% to 50% of the amino acid pool in myocardium, possesses antioxidant properties, and can inhibit L-type Ca 2ϩ channels. Thus, we hypothesized that this agent would reduce the cardiovascular effects of iron overload. Methods and Results-Iron-overloaded mice were generated by intraperitoneal injection of iron either chronically (5 days per week for 13 weeks) or subacutely (5 days per week for 4 weeks). Iron overload causes increased mortality, elevated oxidative stress, systolic and diastolic dysfunction, hypotension, and bradycardia. Taurine supplementation increased myocardial taurine levels by 45% and led to reductions in mortality and improved cardiac function, heart rate, and blood pressure in iron-overloaded mice. Histological examination of the myocardium revealed reduced apoptosis and interstitial fibrosis in iron-overloaded mice supplemented with taurine. Taurine mediated reduced oxidative stress in iron-overloaded mice along with attenuation of myocardial lipid peroxidation and protection of reduced glutathione level. Conclusions-These results demonstrate that treatment with taurine reduces iron-mediated myocardial oxidative stress, preserves cardiovascular function, and improves survival in iron-overloaded mice. The role of taurine in protecting reduced glutathione levels provides an important mechanism by which oxidative stress-induced myocardial damage can be curtailed. Taurine, as a dietary supplement, represents a potential new therapeutic agent to reduce the cardiovascular burden from iron-overload conditions.
S
econdary iron overload and primary (hereditary) hemochromatosis are now being increasingly recognized as worldwide epidemics. [1] [2] [3] [4] [5] Iron overload is associated with progressive iron deposition in a variety of tissues, including the heart and endocrine organs, leading to cardiomyopathy and various endocrinopathies. 6 -9 Iron-overload cardiomyopathy is characterized by marked diastolic dysfunction, increased propensity for arrhythmias, and an end-stage dilated cardiomyopathy. 6,8,10 -12 Cardiac disease is the primary determinant of survival in patients with secondary iron overload 6, 11, 12 and occurs frequently in patients with primary hemochromatosis. 6, 8, 13 Acute iron toxicosis, a common cause of pediatric drug-related mortality, is also associated with myocardial injury and dysfunction. 14, 15 Iron overload is associated with increased free radical production and elevated oxidative stress and altered intracellular Ca 2ϩ handling in cardiomyocytes. 16 -21 As such, therapeutic strategies that attempt to minimize the oxidative damage and reduce perturbations in intracellular Ca 2ϩ may protect the cardiovascular system from iron-mediated injury. The sulfur-containing ␤-amino acid taurine (2-aminoethanesulfonic acid) is found in relatively high concentrations in myocardium, where it accounts for Ϸ25% of the free amino acid pool in humans and 50% in rodents. 22, 23 In mammals, taurine is neither metabolized nor incorporated into cellular proteins, suggesting an important requirement for free cytosolic taurine. 22, 23 The essential role of taurine in cardiovascular function is illustrated by the dilated cardiomyopathies that have been linked to taurine depletion. 24 -28 Emerging evidence supports 2 major mechanisms for the actions of taurine. First, taurine has a combination of effects on ion channels, transporters, and enzymes, leading to modulation of intracellular Ca 2ϩ levels. 23,27,29 -31 Second, taurine has been shown to have potent antioxidant properties under various pathophysiological conditions. 22, 23, 27, 32 Despite the vast amount of literature supporting the role of free radical-mediated oxidative stress in the pathogenesis of iron-mediated injury, the use of antioxidants as possible therapeutic agents has not been well studied. In this study, we developed a murine model of secondary iron overload (hemosiderosis), which is characterized by pronounced diastolic and systolic dysfunction associated with increased oxidative stress, intracellular iron deposition, interstitial fibrosis, and a significant reduction in survival. We found that dietary taurine supplementation reduced myocardial oxidative stress and damage, leading to a protection of cardiovascular function and survival, in our murine model of iron overload. Our results suggest that increases in dietary taurine may exert significant salutary effects in patients with iron overload.
Methods

Experimental Animals and Iron-Loading Protocols
Male B6D2F1 mice (Jackson Laboratory, Ann Harbor, Maine) 8 weeks of age were housed in temperature-and humidity-controlled rooms with 12-hour light-dark cycles. All experimental protocols confirmed to the standards of the Canadian Council On Animal Care. Mice were randomized to receive either taurine (0.1 mol/L) or vehicle (2.5% dextrose) in their drinking water starting 2 weeks before injections and throughout the course of the experiments. Mice were injected with either iron or placebo (0.1 mL 10% dextrose) subacutely (total duration of 4 weeks; total dose, Ϸ200 mg/25 g body wt) or chronically (total duration of 13 weeks; total dose, Ϸ200 mg/25 g body wt) as described previously. 21 In addition, some mice were injected with iron over a period of 6 weeks (subacute protocol) Multiple electron-dense deposits from ironϩvehicle group were shown to be iron deposition using x-ray microscopic analysis (F). and 16 weeks (chronic protocol) to assess the impact of taurine on the survival of iron-overloaded mice.
Histology, Electron Microscopy, and TUNEL Assay
Hearts were removed from anesthetized mice, rinsed in PBS, and fixed with 10% buffered formalin. Thin sections (5 m) were stained with Masson's trichrome, Prussian blue, and picrosirius red for morphometric analysis and intracellular iron deposition using computerized planimetry performed in a blinded manner as described previously. 21 Analytical electron microscopy and TdT-mediated dUTP nick end-labeling (TUNEL) assay were performed as described previously. 21 
Tissue Iron Levels
Tissues from the left ventricular (LV) myocardium (transmural section from mid LV free wall) and liver (left lobe) were excised, washed in PBS, and stored at Ϫ70°C. Iron levels in the tissue samples were measured by atomic absorption spectrophotometry (Perkin-Elmer 5000 flame atomic absorption spectrophotometer) at the provincial specialized trace metal laboratory (Trace Metals Laboratory, London, Ontario, Canada).
Echocardiography
Transthoracic 2D, M-mode, and Doppler echocardiographic examination was performed with an Acuson Sequoia C256 system equipped with a 15-MHz linear transducer (15L8) (Version 4.0, Acuson Corp) in mice anesthetized with isoflurane/oxygen (0.75%/100%).
Hemodynamic Indexes
Mice were anesthetized with intraperitoneal injections of ketamine (60 mg/kg) and xylazine (3 mg/kg). The right common carotid artery was exposed and cannulated with a 1.4F Millar catheter, which was advanced into the proximal aorta and then through the aortic valve and into the LV.
Measurement of Taurine and Aldehyde Levels
Ventricular myocardial tissue was homogenized and the supernatant ultrafiltered and diluted with an internal standard, methionine sulfone. Taurine concentrations were determined as described previously with a high-performance liquid chromatography system and a specific Pico-Tag column (Waters Operating Corp). 33 Plasma and heart aldehyde levels were analyzed as described previously. 21 
Measurement of Glutathione Levels (Reduced and Oxidized)
Total (GSHϩGSSG), reduced (GSH), and oxidized (GSSG) myocardial glutathione and the redox ratio (GSH/GSSG) were measured as described previously. 34 Each sample was analyzed in duplicate, and the average value was used.
Statistical Analysis
All statistical analyses were performed with SPSS software (version 10.1). Survival data were compared by the Kaplan-Meier survival analysis. The effects of iron and the role of taurine were evaluated by ANOVA followed by the Student-Newman-Keuls test for multiplecomparison testing.
Results
Clinical and Cardiovascular Effects of Iron Overload
Mice injected with iron showed clinical signs of heart failure, including lethargy, ascites, and peripheral edema and increased mortality ( Figure 1 , A and B). Iron-overloaded mice also had reduced body weights and a 2-fold increase in ratio of liver to body weight, with no evidence of cardiac hypertrophy (Table 1) . Electron microscopy analysis showed electron-dense intracellular bodies throughout the sarcoplasm of cardiomyocytes from mice injected with iron, whereas no such deposits were observed in cardiomyocytes from the placebo-injected mice ( Figure 1 , C-E). Energy-dispersive x-ray spectrometry confirmed that the electron-dense deposits contained iron on the basis of the signature energy spectrum of iron ( Figure 1F ).
Iron-overloaded mice have reduced blood pressures with modest reductions in heart rate (HR) compared with placeboinjected controls (Table 2) . Iron overload led to impaired myocardial contractility, as shown by reduction (PϽ0.01) in ϩdP/dt max and ϪdP/dt max for the ironϩvehicle compared with placeboϩvehicle groups. HR-corrected echocardiographic recordings confirmed significant reductions of systolic function in iron-overloaded mice. Fractional shortening, HR-corrected velocity of circumferential shortening, and peak aortic velocity were all significantly reduced in the ironϩvehicle group compared with placeboϩvehicle mice (Table 2) , without changes in ventricular wall thickness or diastolic dimension (data not shown). In association with impaired systolic function, iron-overloaded mice had diastolic dysfunction, as assessed by various hemodynamic indexes such as elevated LV relaxation time and LV end-diastolic pressure (Table 2) . Echocardiographic assessment of the HR-corrected E/A ratio is also a useful measure of diastolic dysfunction (where E/A ratio is the ratio of early peak velocity of mitral diastolic flow [E wave] and the late peak velocity of mitral diastolic flow from atrial contraction [A wave]). 35, 36 Indeed, HR-corrected E/A ratios were increased in the iron-overload mice when measured with either ketamine/xylazine or isoflurane/oxygen 
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anesthesia, despite producing marked differences in HRs (Table 2) .
Histological Characterization and Iron Deposition
Increased myocardial interstitial fibrosis is a prominent feature of the cardiovascular pathology in patients with iron overload. Hearts from mice injected chronically with iron displayed extensive interstitial fibrosis and myocyte vacuolar degeneration with mild inflammatory infiltrate ( Figure 2 , A-C). Quantitative morphometry confirmed a significant amount of myocardial damage, including inflammation and interstitial fibrosis, in the ironϩvehicle group compared with the placeboϩvehicle group (PϽ0.01) ( Figure 2M) . A more specific analysis of the interstitial fibrosis using picrosirius red staining confirmed increased collagen deposition in mice injected with iron chronically ( Figure 2N ). Immunoperoxidase TUNEL staining revealed significant increases in cardiomyocyte apoptosis in mice injected with iron chronically for 13 weeks (Figure 2 , E-G and O). These histological changes suggest that impaired cardiac function in ironoverloaded mice could result from myocyte loss and replacement with interstitial fibrosis. To investigate the mechanism whereby iron overload alters cardiac function, we examined the phenotype in mice injected with iron subacutely (4 weeks) (see Methods). Consistent with the effects seen with chronic iron overload, subacute iron overload for 4 weeks impaired systolic and diastolic cardiac function along with reductions in HR and blood pressure (Table 3) 
Increased Oxidative Stress in Iron-Overloaded Mice
The accumulation of iron inside cardiomyocytes is expected to lead to free radical-mediated oxidative stress. 37, 38 To confirm the presence of increased oxidative stress, we quantified myocardial and plasma levels of the lipid peroxidation products malondialdehyde (MDA), hexanal (HEX), and 4-hydroxynonenal (HNE). Baseline MDA level in the heart was increased by 15-fold from a baseline value of 21.1Ϯ2 to 329Ϯ29.2 nmol/g (PϽ0.01) in mice injected with iron subacutely (Figure 3A) , and myocardial HEX and HNE levels were also significantly elevated in iron-injected mice (Figure 3 , B and C). Although these elevations in aldehydes occur before the development of significant interstitial fibrosis (subacute group), mice injected chronically with iron also had elevated aldehyde levels ( Figure 3 , A-C), albeit less pronounced than in the subacute hearts. Plasma MDA levels, which reflect a composite index of the whole-body oxidative stress, showed similar changes to aldehydes in the myocardium ( Figure 3D ). To confirm iron-induced oxidative damage in our murine model, we assessed myocardial glutathione status. As expected from the aldehyde measurements, iron overload was associated with a marked depletion of GSH ( Figure 4A ) with a corresponding increase in GSSG ( Figure 4B ) and elevation in GSH/GSSG ratio ( Figure 4C ), leading to a net reduction in GSHϩGSSG ( Figure 4D ). nϭ9 for all groups. SBP indicates systolic blood pressure; MABP, mean arterial blood pressure; LVEDP, LV end-diastolic pressure; ϮdP/dt max , positive and negative maximal rate of change of ventricular pressure; Tau C , time needed for relaxation of 50% maximal LV pressure to baseline value corrected for HR; LVESD, left ventricular end-systolic and end-diastolic dimensions; FS, fractional shortening; VCF C , velocity of circumferential shortening corrected for HR; PAV C , peak aortic velocity corrected for HR; and E/A C ratio, ratio of early diastolic filling (E-wave) to filling from atrial contraction (A-wave) corrected for HR.
*Using ketamine/xylazine (basal HR, 312Ϯ13 bpm). †PϽ0.01 vs all other groups. ‡PϽ0.01 vs PlaceboϩVehicle and PlaceboϩTaurine groups.
Taurine Protects Cardiac Function in Iron-Overloaded Mice
Taurine levels were elevated to similar extents (Ϸ50%) in iron-and placebo-injected mice supplemented with taurine ( Table 1 ), demonstrating that iron overload does not interfere with taurine loading of the myocardial tissue. Dietary supplementation with taurine caused significant improvement in body weight and a lowered liver wt/body wt ratio in the subacute iron-loaded group but had little effect in chronically iron-loaded mice (Table 1) . Taurine supplementation in mice 
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not given iron was not associated with any adverse effects on survival ( Figure 1, A and B) , cardiac structure and function ( Figure 2 , Tables 2 and 3) , or oxidative stress (Figures 3 and 4) . Taurine supplementation resulted in a significant protection in survival in iron-overloaded mice (Figure 1, A and B) (PϽ0.001, Kaplan Meier survival analysis). Cardiac diastolic and systolic function in mice injected subacutely and chronically with iron was nearly completely protected by taurine, and blood pressure and HR were also partially protected (Tables 2 and 3 ). As expected from the improvement in survival and cardiac function, taurine treatment led to protection of the myocardium (Figure 2, D and M) , and interstitial fibrosis was markedly lowered ( Figure 2N ). This improvement in the myocardial ultrastructure was associated with large reductions in the degree of apoptosis (Figure 2 , H and O) (PϽ0.01; nϭ4).
Taurine Reduces Oxidative Stress and Protects GSH Levels
Taurine may protect myocardial structure and function in iron-overloaded hearts as a result of its potent antioxidant properties. 22, 23, 27, 32 Consistent with these anticipated effects, taurine supplementation reduced myocardial MDA levels to 83.3Ϯ16.5 from 329Ϯ29.2 nmol/g and myocardial HEX levels to 124Ϯ9 from 871Ϯ49 nmol/g in mice injected subacutely with iron ( Figure 3, A and B) . Moreover, increased myocardial HNE levels were also reduced in this group ( Figure 3C ). In mice injected with iron chronically, a similar overall trend occurred in the myocardial and plasma aldehyde levels after taurine treatment (Figure 3, A-C) . Plasma levels of MDA in iron-overload mice were also reduced by taurine supplementation, suggesting a global decrease in iron-induced oxidative damage ( Figure 3D ). These results establish that the protective effects of taurine on heart function are correlated with the amelioration of ironinduced oxidative stress.
Because the potent antioxidant property of taurine (and its metabolites) may be linked to its sulfur moiety, 22, 32, 39, 40 we predicted that taurine may preserve levels of GSH, which is a fundamental defense mechanism in conditions of increased oxidative stress. Interestingly, taurine supplementation in iron-overloaded mice completely prevented the decreases in GSH (PϽ0.01) ( Figure 4A ) and increases in GSSG (PϽ0.01) ( Figure 4B ), thereby providing partial protection of the redox ratio ( Figure 4C ) and a normalization of GSHϩGSSG levels ( Figure 4D ). Given the antioxidant effects of taurine and the importance of redox cycling in controlling iron entry into cells, we examined the impact of taurine on myocardial iron burden. Subacute iron-overloaded mice, as with chronically injected mice, showed marked elevations in cardiac and hepatic iron levels ( Figure 5, A-D) . Taurine supplementation was associated with reductions in myocardial iron levels in the subacute ( Figure 5A ) and chronic ( Figure 5C ) groups. Histological analysis confirmed that taurine treatment selectively reduced iron deposition in myocytes without affecting extramyocyte iron accumulation (Figure 2, L and P). By contrast, hepatic iron levels were unaffected by taurine treatment ( Figure 5, B and D) .
Discussion
Myocardial iron deposition and injury are the major determinants of survival in patients with secondary iron overload 6, 11, 12 and cause significant morbidity and mortality in patients with primary hemochromatosis. 6, 8, 13 In addition to chronic iron-induced cardiomyopathy, acute iron toxicosis is also associated with myocardial injury and dysfunction. 14, 15 Therefore, the phenotypic diversity of iron-overload cardiomyopathy range from acute toxic effects of iron to chronic iron-mediated effects (increased interstitial fibrosis with inflammatory changes). In our murine model, we made a distinction between direct toxic effects of iron on the heart (subacute protocol) versus chronic iron-mediated myocardial damage (chronic protocol). Mice that were injected with iron subacutely had clear evidence for intracellular iron deposition in cardiomyocytes with minimal change in interstitial fibrosis. In contrast, chronically iron-overloaded mice showed progressive myocardial damage with increased interstitial (and perivascular) fibrosis coincident with increased apoptosis of iron-overloaded cardiomyocytes. The myocardial iron levels obtained in our murine model (ironϩvehicle groups, 7.6 to 11.5 mg/g LV dry wt) are similar to myocardial iron levels (3.5 to 9.2 mg/g dry wt) reported in patients with iron-overload cardiomyopathy and heart failure. 6 Free radical production and oxidative stress play a key role in the triggering and progression of iron-overload cardiomyopathy and in acute iron toxicosis, as shown in isolated cardiomyocytes, 16, [41] [42] [43] papillary muscle preparations, 44 animal models, 18, 21, 45 and patients. 46, 47 In both subacute and chronically iron-overloaded hearts, there was clear evidence of increased oxidative damage, as shown by marked increases in various lipid peroxidation products (aldehydes) and depletion of GSH (and GSHϩGSSG) levels. Iron-overloaded mice had marked elevations in unsaturated (MDA and HNE) and saturated (HEX) aldehydes in the heart and plasma. These aldehyde products are generated by free radical-induced lipid peroxidation and participate in cytotoxic reactions, leading to cellular dysfunction 48, 49 including altered excitationcontraction coupling and electrophysiology and defective contractile function. 20, 42, 43, 50 Indeed, a distinct feature of iron-overload cardiomyopathy in humans is the increased susceptibility to various arrhythmias, including bradyarrhythmias and cardiac death. 8, 11, 12 In our study, iron-overloaded mice had increased mortality and displayed bradycardia. The effects of iron overload on mortality are consistent with observations showing that free radical-mediated lipid peroxidation alters cardiomyocyte electrophysiology 42, 50 and Ca 2ϩ handling 20, 43 and blockade of electrical conduction and sudden death in iron-overloaded guinea pigs. 51 Our strategy was to increase myocardial taurine levels to protect the cardiovascular system and prevent iron overloadinduced cardiovascular dysfunction, even though myocardial taurine levels were not affected by iron overload. This rationale is based on the observation that in the setting of increased oxidative stress, there appears to be an increased (conditioned) demand for taurine. 22, 23, 27, 30, 32, 52 Taurine supplementation resulted in protection of cardiac function and arterial blood pressure in iron-overloaded mice. The impressive benefit of taurine in mediating a survival advantage in iron-overloaded mice occurs in conjunction with a marked improvement in bradycardia. These protective actions were correlated with reductions in apoptosis and interstitial fibrosis, suggesting that taurine was able to decrease the toxic 
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Taurine Protects Iron-Overloaded Heartseffects of iron. These observations are similar to those of previous studies showing that taurine has cytoprotective effects against iron-induced damage in cell culture systems 53, 54 and protects against apoptosis. [55] [56] [57] The protective effects of taurine have been linked previously to the antioxidant properties 22, 23, 32 of taurine and its ability to modulate excitation-contraction coupling and intracellular Ca 2ϩ homeostasis in cardiomyocytes. 23, 27, 30 Moreover, antioxidants have been shown to reduce iron-mediated lipid peroxidation and the associated cellular damage in isolated ventricular myocytes 16, 41 and in vivo. 45 In support of the antioxidant properties of taurine in our studies, drastic reductions in the formation of aldehydes were observed in iron-overloaded mice. The potent antioxidant property of taurine may be linked to its sulfur moiety and its modulation of glutathione levels. 22, 32, 39, 40 GSH plays an important role in the cellular defense against oxidative stress. 34, 58, 59 GSH depletion and accumulation of GSSG occur in the heart during oxidative stress caused by increased cellular demand and lead to impaired cell function because of a shift in redox state. 34, 58, 59 Interestingly, taurine supplementation completely prevented the iron-induced decrement in GSH levels while protecting glutathione redox ratio. These observations provide a novel mechanism of action of taurine and may explain its pleiotropic beneficial effects in conditions of increased oxidative stress. Taurine can also react directly with a variety of cytotoxic aldehydes, including MDA, suggesting that the protective effects of taurine on heart function may also be related to lowering of aldehyde levels per se. 23 Moreover, we cannot rule out a role of taurine in mediating anti-inflammatory effects, 60 maintaining cellular metabolism (via its effect on mitochondria), 61 and/or protection of coronary endothelium and blood flow. 62 In our murine model, taurine treatment also led to reductions in myocardial iron levels. Reduced cardiac iron levels may be related to the tonic inhibition of L-type Ca 2ϩ channels by taurine, 29, 31 which is an important transferrin-independent pathway for iron transport in iron-overload conditions. 21, 63 Alternatively, antioxidant properties of taurine may play an important role in preventing iron overload in myocardium, possibly by the redox cycling of iron, 4, 64 as shown previously using other antioxidants in isolated cardiomyocytes 16 and in an animal model of iron overload. 45 In summary, our murine model of iron-overload cardiomyopathy shows that taurine supplementation has unequivocal beneficial effects on survival and cardiac structure and function, with marked reductions in iron-induced oxidative stress. Given the impressive benefit and absence of toxicity with taurine supplementation, we propose that increased dietary taurine intake represents an important nutritional modification that may prove to be a useful intervention to reduce the worldwide burden from iron-overload cardiovascular disease. 
